Introduction {#sec1}
============

Lung cancer is a leading cause of cancer-related deaths worldwide, and non-small-cell lung cancer (NSCLC) accounts for approximately 80% of all cases of lung cancer.[@bib1] Cisplatin-based therapy is one of the most effective chemotherapeutic treatments for NSCLC.[@bib2] However, the unavoidable development of drug resistance significantly hinders its efficacy in therapy.[@bib3] The mechanism of action of cisplatin involves induction of DNA damage that leads to cell cycle arrest and apoptosis. Accordingly, increased DNA repair has been proposed to represent a major mechanism underlying cisplatin resistance.[@bib4]

Excision repair cross-complementation group 1 (ERCC1), an important mediator of nucleotide excision repair (NER), plays a key role in excision of the damaged DNA.[@bib5] Increased ERCC1 expression is positively correlated with DNA repair capacity, which may serve as a target for therapy to increase sensitivity to cisplatin.[@bib6]^,^[@bib7] Indeed, low levels of ERCC1 expression predict enhanced overall survival in NSCLC patients treated with cisplatin, and inhibition of ERCC1 expression could potentially increase the sensitivity of cisplatin-based therapy for NSCLC.

Histone deacetylases (HDACs), the key component of the epigenetic machinery regulating gene expression, are frequently overexpressed in tumors and have been shown to play vital roles in tumor proliferation, invasion, metastasis, and angiogenesis.[@bib8] HDAC inhibitors (HDACis) decrease HDAC activity and exert suppressive effects against various tumor cells via inhibiting cell proliferation and inducing cell cycle arrest and apoptosis.[@bib9]^,^[@bib10] Therefore, HDACis are considered as a promising novel therapeutic approach in the light of their potent tumor-selective effects, some of which are currently the focus of clinical trials, such as vorinostat (suberoylanilide hydroxamic acid \[SAHA\]) and trichostatin A (TSA).[@bib11]^,^[@bib12] Recently, HDACis have been continuously explored for use in combination with other antitumor agents for optimized efficacy and minimized toxicity.[@bib13] Combining HDACis with primary chemotherapeutic agents that induce DNA damage or apoptosis has shown promising results in preclinical research studies.[@bib14], [@bib15], [@bib16]

In this study, we investigated the effect of combining HDACis with cisplatin on ERCC1-high NSCLC cells. Our results demonstrated that HDACis can sensitize ERCC1-high NSCLC cells to cisplatin both *in vitro* and *in vivo*. Mechanistically, the HDACi induces the expression of miR-149, which directly targets ERCC1 and inhibits ERCC1 expression. Furthermore, our data showed that inhibition of miR-149 reverses the promotion effect of HDACis on cisplatin-induced cell apoptosis in ERCC1-high NSCLC cells. This study reveals a novel mechanism by which the HDACi re-sensitizes ERCC1-high NSCLC cells to cisplatin via upregulation of miR-149 expression, and we propose that combination of HDACis and cisplatin might hold promise to be a more effective therapeutic paradigm for the treatment of ERCC1-high NSCLC cells.

Results {#sec2}
=======

High ERCC1 Expression Correlates with Cisplatin Resistance in NSCLC Cells {#sec2.1}
-------------------------------------------------------------------------

ERCC1 has been shown to be crucial in predicting cisplatin resistance and can be used for tailoring cisplatin-based chemotherapy.[@bib17] Using a dataset of syngeneic NSCLC cells, we found that NSCLC cells with higher ERCC1 expression exhibited more resistance to cisplatin as determined by their half-maximal inhibitory concentration (IC~50~) ([Figures 1](#fig1){ref-type="fig"}A and 1B). We further determined ERCC1 expression in 21 cisplatin-sensitive NSCLC tissues and 18 cisplatin-resistant NSCLC tissues by immunohistochemistry analysis and found that ERCC1 was significantly more overexpressed in cisplatin-resistant NSCLC tissues than in cisplatin-sensitive NSCLC tissues ([Figures 1](#fig1){ref-type="fig"}C and 1D). Furthermore, we focused on whether the ERCC1 expression level is correlated with chemotherapy efficacy; accordingly, the association between ERCC1 expression and poor prognosis of NSCLC patients receiving cisplatin-based chemotherapy was analyzed using the online Kaplan-Meier survival analysis of expression data (probe 203720_s\_at, probe 228131_at) (<http://www.kmplot.com/lung>). The results showed that overall survival was shorter in patients with high expression of ERCC1 than in those with low expression in the chemotherapy group (probe 203720_s\_at, p = 0.018; probe 228131_at, p = 0.045; log rank test) ([Figure 1](#fig1){ref-type="fig"}E). These results confirmed that upregulation of ERCC1 is involved in cisplatin resistance of NSCLC cells.Figure 1High ERCC1 Expression Correlates with Cisplatin Resistance in NSCLC Cells(A) The expression of ERCC1 in NSCLC cells was analyzed by western blotting. β-Actin was used as an inner control. (B) IC~50~ values of cisplatin for NSCLC cells. (C) Representative immunohistochemical staining examples of ERCC1 protein expression in cisplatin-resistant NSCLC tissues and cisplatin-sensitive NSCLC tissues (scale bar, 50 μm). The lung cancer tissue sections were quantitatively scored according to the percentage of positive cells and staining intensity as described in [Materials and Methods](#sec4){ref-type="sec"}. The percentage and intensity scores were multiplied to obtain a total score (range, 0--12), and the tumors were finally determined as follows: negative (−), score 0; lower expression (+), score ≤4; moderate expression (++), score 5--8; and high expression (+++), score ≥9. (D) ERCC1 expression scores in cisplatin-resistant NSCLC tissues and cisplatin-sensitive NSCLC tissues. (E) Kaplan-Meier overall survival (OS) curves (<http://kmplot.com/analysis/>) of lung cancer patients administered chemotherapy relative to different expression levels of ERCC1. ∗p \< 0.05.

We then evaluated the role of ERCC1 in the maintenance of cisplatin resistance in cisplatin-resistant A549/DDP and H1299 cells. An MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2*H*-tetrazolium) assay showed that knockdown of ERCC1 significantly increased cisplatin sensitivity of A549/DDP cells and H1299 cells in comparison with control short hairpin RNA (shRNA) ([Figures 2](#fig2){ref-type="fig"}A and 2B). As a complement to RNAi experiments, we assessed the impact of ERCC1 overexpression on cisplatin sensitivity of A549 and H460 cells. We found that overexpression of ERCC1 significantly increased cisplatin resistance of A549 and H460 cells ([Figures 2](#fig2){ref-type="fig"}C and 2D). Moreover, we found that overexpression of ERCC1 decreased γ-H2AX foci in cisplatin-treated A549 cells ([Figure 2](#fig2){ref-type="fig"}E), whereas knockdown of ERCC1 increased γ-H2AX foci in cisplatin-treated A549/DDP cells ([Figure 2](#fig2){ref-type="fig"}F). We further investigated the effect of ERCC1 knockdown on cisplatin resistance in a xenograft tumor model. We found that knockdown of ERCC1 moderately inhibited tumor growth. Notably, knockdown of ERCC1 significantly increased cisplatin sensitivity ([Figure 2](#fig2){ref-type="fig"}G), in which the tumor volumes in A549/DDP/ERCC1 shRNA-bearing mice were significantly lower than those in A549/DDP/control shRNA-bearing mice ([Figure 2](#fig2){ref-type="fig"}H).Figure 2ERCC1 Enhances Cisplatin Resistance in NSCLC Cells(A) H1299 and A549/DDP cells were transfected with control shRNA (shControl) or ERCC1 shRNA (shERCC1), and the expression of ERCC1 was analyzed by western blotting. (B) H1299 and A549/DDP cells were transfected with ERCC1 shRNA and then treated with cisplatin at the indicated concentration for 48 h; cell viability was measured by an MTS assay. (C) A549 and H460 cells were transfected with ERCC1-expressing vector (LV-ERCC1), and the expression of ERCC1 was analyzed by western blotting. (D) A549 and H460 cells were transfected with LV-ERCC1and then treated with cisplatin at the indicated concentration for 48 h; cell viability was measured by an MTS assay. (E) A549 cells were transfected with LV-ERCC1 and then treated with 5 μM cisplatin for 48 h; cells were fixed and labeled with anti-γ-H2AX antibodies. The γ-H2AX foci were analyzed by immunofluorescence microscopy. (F) A549/DDP cells were transfected with ERCC1 shRNA and then treated with 20 μM cisplatin for 48 h; cells were fixed and labeled with anti-γ-H2AX antibodies. The γ-H2AX foci were analyzed by immunofluorescence microscopy. (G and H) A549/DDP cells transfected with control shRNA or ERCC1 shRNA were injected to the right shoulder of nude mice. Tumor-bearing mice were treated with either PBS or cisplatin (3 mg/kg body weight per day) for 4 weeks. (G) At the end of treatment, tumors were excised. (H) Tumor sizes were measured at every 3 days. ∗p \< 0.05, ∗∗p \< 0.01.

HDACis Sensitize ERCC1-High NSCLC Cells to Cisplatin *In Vitro* and *In Vivo* {#sec2.2}
-----------------------------------------------------------------------------

HDACis are approved for clinical use in many cancers, including SAHA and TSA.[@bib18] Previous studies have demonstrated that HDACis modulate the expression and function of DNA repair proteins, thereby enhancing the sensitivity of cancer cells to DNA-damaging agents.[@bib19]^,^[@bib20] To determine whether the HDACi SAHA would synergize with cisplatin in ERCC1-high NSCLC cells, we exposed A549/DDP and H1299 cells to either 10 μM cisplatin or 0.5, 1, and 2 μM SAHA and observed minimal cytotoxicity ([Figure 3](#fig3){ref-type="fig"}A). However, the combination of 10 μM cisplatin with increasing concentrations of SAHA up to 2 μM synergistically inhibited cell viability of A549/DDP and H1299 cells ([Figure 3](#fig3){ref-type="fig"}A). Similar results were observed in combination of cisplatin and another HDACi, TSA ([Figure S1](#mmc1){ref-type="supplementary-material"}). Moreover, the combination of cisplatin and SAHA also decreased cell viability of A549 cells as well as ERCC1-overexpressed A549 cells compared to cisplatin alone ([Figure 3](#fig3){ref-type="fig"}B). We further chose the highest concentration of SAHA (2 μM) that was synergistic with cisplatin in a cell apoptosis assay. Treatment with SAHA significantly increased cisplatin-induced cell apoptosis in A549/DDP and H1299 cells ([Figure 3](#fig3){ref-type="fig"}C). Furthermore, we observed that HDACis significantly increased cisplatin-induced DNA damage and γ-H2AX foci formation in ERCC1-high NSCLC cells ([Figure 3](#fig3){ref-type="fig"}D).Figure 3The HDACi SAHA Sensitizes ERCC1-High NSCLC Cells to Cisplatin *In Vitro*(A) H1299 and A549/DDP cells were co-treated with cisplatin and SAHA at the indicated concentration for 48 h, and cell viability was measured by an MTS assay. (B) A549 cells transfected with LV-ERCC1 were co-treated with cisplatin and SAHA at the indicated concentration for 48 h, and cell viability was measured by an MTS assay. (C) H1299 and A549/DDP cells were co-treated with 10 μM cisplatin and 2 μM SAHA for 48 h, cells were stained with annexin V-fluorescein isothiocyanate (FITC) and propidium iodide, and cell apoptosis was analyzed by flow cytometry. (D) H1299 and A549/DDP cells were co-treated with 10 μM cisplatin and 2 μM SAHA for 48 h, and cells were fixed and labeled with anti-γ-H2AX antibodies. The γ-H2AX foci were analyzed by immunofluorescence microscopy. ∗p \< 0.05, ∗∗p \< 0.01.

We next evaluated the effect of the combination of cisplatin and HDACis on tumor growth in mouse xenograft models. H1299 cells were subcutaneously injected into nude mice to establish tumor xenografts. When the tumor sizes reached ∼60 mm^3^, the mice were randomly grouped and received i.p. (intraperitoneal) injection of PBS (0.2 mL), cisplatin (5 mg/kg), SAHA (60 mg/kg), or a combination of cisplatin and SAHA. Tumor growth curves showed that treatment with cisplatin or SAHA alone led to a slight decrease in tumor volume compared to vehicle control ([Figure 4](#fig4){ref-type="fig"}A). Importantly, SAHA combined with cisplatin led to a sustained and significant inhibition on tumor growth ([Figure 4](#fig4){ref-type="fig"}A), as well as a significant reduction in tumor sizes ([Figure 4](#fig4){ref-type="fig"}B) and tumor weights ([Figure 4](#fig4){ref-type="fig"}C). Moreover, the combination of cisplatin and SAHA also significantly inhibited the growth of A549/DDP tumor xenografts ([Figures 4](#fig4){ref-type="fig"}D--4F). These differences were unlikely to be a result of generalized toxicity of drug treatment, since body weight loss in mice with combination therapy was not significantly greater than that in mice with monotherapy. Furthermore, the combination treatment reduced the expression of proliferation marker Ki-67 and increased the expression of apoptosis marker cleaved caspase-3 in H1299-derived tumors ([Figure 4](#fig4){ref-type="fig"}G). In addition, SAHA treatment significantly increased cisplatin sensitivity in nude mice bearing A549/ERCC1 cells ([Figure S2](#mmc1){ref-type="supplementary-material"}). Taken together, these results suggested that the combination of SAHA and cisplatin has therapeutic potential, especially in ERCC1-high NSCLC cells.Figure 4The HDACi SAHA Sensitizes ERCC1-High NSCLC Cells to Cisplatin *In Vivo*H1299 (2 × 10^6^) and A549/DDP (2 × 10^6^) cells were inoculated subcutaneously into severe combined immunodeficiency (SCID) mice, and palpable tumors were allowed to develop for 7 days. Mice were randomly allocated into four groups: vehicle control (0.01% DMSO in PBS, n = 4), cisplatin (10 mg/kg/d, n = 4), SAHA (50 mg/kg/d, n = 4), and the cisplatin/SAHA combination (n = 4) via i.p. injection for 3 weeks. (A and D) The tumor size was measured at indicated time intervals and calculated. The tumor volume (*V*) was calculated using the formula: *V* = (½ × larger diameter) × (smaller diameter)2, and growth curves were plotted using average tumor volume within each experimental group at the set time points. (B and E) At the end of treatment, tumors were excised and subjected to further analyses. (C and F) Tumor weights were measured. (A--C) H1299 cells. (D--F) A549/DDP cells. (G) H1299-derived tumor tissues were resected, fixed, sectioned, and placed on slides. Tumor specimens were subjected to immunohistochemical staining with antibodies specific to Ki-67 and caspase-3. A two-tailed Student's t test was used for statistical analysis. ∗p \< 0.05, ∗∗p \< 0.01.

HDACis Modulate miR-149 Expression in ERCC1-High NSCLC Cells {#sec2.3}
------------------------------------------------------------

Antagonizing the action of the HDACs leads to a reversal of silencing of a large number of genes, including those of microRNAs (miRNAs).[@bib21], [@bib22], [@bib23] To determine whether miRNAs were induced by HDACis in ERCC1-high NSCLC cells, the human 384 SeraMir miRNA profiler was used to assess H1299 cells treated with SAHA ([Figure 5](#fig5){ref-type="fig"}A). 380 miRNAs were measured and the top miRNAs, most significantly (\>8-fold) increased/decreased miRNAs in the SAHA-treated cells relative to control cells, are shown in [Figure 5](#fig5){ref-type="fig"}B. miR-149, miR-141, miR-379, miR-301a, miR-29c, miR-520e, miR-504, miR-432, miR-376a, miR-495, miR-516b, miR-514, miR-518b, and miR-205 were induced by SAHA, but miR-302c, miR-214, miR-298, miR-126, miR-28-3p, miR-337-5p, miR-192, miR-487a, and miR-423-5p were significantly decreased by SAHA. miR-149 was the most highly induced by SAHA treatment in H1299 cells. Quantitative reverse transcription PCR (qRT-PCR) further confirmed that treatment of SAHA significantly increased miR-149 expression in H1299 and A549/DDP cells ([Figure 5](#fig5){ref-type="fig"}C). Moreover, treatment of the HDACi TSA induced miR-149 in a concentration-dependent manner in H1299 and A549/DDP cells ([Figure S3](#mmc1){ref-type="supplementary-material"}).Figure 5The HDACi SAHA Modulates miR-149 Expression in ERCC1-High NSCLC Cells(A) miRNA profiles were examined in SAHA-treated H1299 cells. (B) Differentially expressed miRNAs (\>8-fold) in the SAHA-treated cells relative to the control. (C) H1299 and A549/DDP cells were treated with different concentrations of SAHA, and the expression of miR-149 was detected with qRT-PCR. (D) Sequence analysis of the promoter region revealed two conserved E2F1-binding sites at the core promoter region of miR-149. (E) Total protein extracts of H1299 cells in SAHA-treated cells or control cells were subjected to IP using E2F1 antibody or control IgG, followed by immunoblotting (IB) with acetyl-lysine antibody (left panels). Reciprocal IP was done using acetyl-lysine antibody or control IgG, followed by IB with the E2F1 antibody (right panels). (F) The binding of E2F1 on the miR-149 promoter region was measure by ChIP analysis. (G) H1299 cells were transfected with human cytomegalovirus promoter (pCMV)-E2F1 expression plasmid, together with the miR-149 promoter luciferase reporter construct or the E2F1-binding site mutant (mt) promoter luciferase reporter construct. Luciferase activity was measured after 48 h. (H) H1299 cells were treated with SAHA for 48 h, and the binding of E2F1 on the miR-149 promoter region was measure by ChIP analysis. (I) H1299 cells were transfected with E2F1 siRNA and then treated with SAHA; miR-149 promoter luciferase activity was measured after 48 h. (J) H1299 and A549/DDP cells were transfected with E2F1 siRNA and then treated with SAHA; the mRNA levels of miR-149 were measured by qRT-PCR. ∗∗p \< 0.01.

To further analyze the underlying mechanism by which HDACis affect miR-149 expression, the sequence of the miR-149 promoter region was examined with the TFSEARCH program for potential transcription factor binding sites. We identified two potential E2F1 binding motifs in the proximal region of the miR-149 promoter ([Figure 5](#fig5){ref-type="fig"}D). Previous studies showed that HDACis induced acetylation of E2F1 and increased E2F1 transcriptional activity.[@bib24]^,^[@bib25] Indeed, an immunoprecipitation (IP) assay demonstrated that SAHA significantly increased acetylation of lysine of E2F1 ([Figure 5](#fig5){ref-type="fig"}E). We next investigated whether E2F1 mediated HDACi-induced miR-149 expression. We found that E2F1 directly bound to the promoter region of miR-149 ([Figure 5](#fig5){ref-type="fig"}F) and promoted miR-149 promoter activity ([Figure 5](#fig5){ref-type="fig"}G). More importantly, we found that treatment of SAHA resulted in increased E2F1 binding to the miR-149 promoter ([Figure 5](#fig5){ref-type="fig"}H). Treatment with SAHA markedly increased miR-149 promoter activity, which was reversed by E2F1 shRNA transfection ([Figure 5](#fig5){ref-type="fig"}I). Accordingly, treatment with SAHA increased miR-149 expression, whereas knockdown of E2F1 led to a significant decrease in the expression of miR-149 in SAHA-treated cells ([Figure 5](#fig5){ref-type="fig"}J). Taken together, these results suggested that HDACis modulate miR-149 expression via activating transcription factor E2F1 in ERCC1-high NSCLC cells.

ERCC1 Is the Direct Target of miR-149 {#sec2.4}
-------------------------------------

We further investigated whether miR-149 mediates the effect of HDACis on cisplatin sensitivity in ERCC1-high NSCLC cells. TargetScan 7.2 (<http://www.targetscan.org/>) predicted that the 3′ UTR of ERCC1 mRNA contains a putative miR-149 binding site ([Figure 6](#fig6){ref-type="fig"}A). To determine whether miR-149 regulates ERCC1 by binding to the corresponding 3′ UTR, we cloned the 3′ UTR from ERCC1 into the pmirGLO luciferase reporter vector and co-transfected this vector with miR-149 mimics or scramble control into HEK293T cells. Co-transfection of the pmirGLO-ERCC1 3′ UTR-wild-type-luc vector with miR-149 mimics resulted in lower luciferase activity in cells than that with miR scramble control (miR-SCR) ([Figure 6](#fig6){ref-type="fig"}B). Similar results were also observed in ERCC1-high NSCLC cells ([Figure 6](#fig6){ref-type="fig"}C). To confirm that miR-149 specifically regulates ERCC1 expression, we generated pmirGLO-ERCC1-3′ UTR mutant constructs, in which the sequence for miR-149 binding on the 3′ UTR was mutated ([Figure 6](#fig6){ref-type="fig"}A). Mutation of the miR-149 binding site abolished the effect of miR-149 on luciferase activity ([Figures 6](#fig6){ref-type="fig"}B and 6C). Furthermore, we found that overexpression of miR-149 decreased the levels of ERCC1 mRNA in H1299 and A549/DDP cells ([Figure 6](#fig6){ref-type="fig"}D). In contrast, the expression of ERCC1 in A549 and H460 cells transfected with miR-149 inhibitor (anti-miR-149) was higher than that transfected with anti-miR negative control (anti-NC). The results were confirmed by western blotting analysis ([Figure 6](#fig6){ref-type="fig"}E). Moreover, the expression levels of ERCC1 and miR-149 were quantified in total RNA derived from eight NSCLC cell lines, and the results generally showed a negative correlation between ERCC1 and miR-149 levels ([Figure 6](#fig6){ref-type="fig"}F). Taken together, these results provided evidence that miR-149 specifically targets the 3′ UTR region of ERCC1 and thus inhibits its expression.Figure 6ERCC1 Is the Direct Target of miR-149(A) TargetScan 7.2 predicted miR-149-binding sites in the 3′ UTR of ERCC1. Wild-type (WT) and mt 3′ UTR of ERCC1 were cloned into a luciferase reporter plasmid, respectively. (B) HEK293T cells were co-transfected with WT or mt ERCC1-3′ UTR-luciferase reporter constructs and miR-scramble control (miR-SCR) or miR-149 mimics and anti-miR negative control (anti-NC) or anti-miR-149, respectively; the relative luciferase activities were measured 48 h after transfection. Firefly luciferase activity of the reporters was normalized to the internal Renilla luciferase activity. (C) H1299 and A549/DDP cells were co-transfected with WT or mt ERCC1-3′ UTR-luciferase reporter constructs and miR-SCR or miR-149 mimics for 48 h; the relative luciferase activities were measured 48 h after transfection. (D) H1299 and A549/DDP cells were transfected with miR-SCR or miR-149 mimics, A549 and H460 cells were transfected with anti-NC or anti-miR-149, and the mRNA levels of ERCC1 were measured by real-time RT-PCR. (E) H1299, A549/DDP, A549, and H460 cells were transfected with miR-SCR or miR-149 mimics (left) and anti-NC or anti-miR-149 (right), and the expression levels of ERCC1 were measured by western blotting. (F) Correlation of ERCC1 and miR-149 expression levels in eight NSCLC cell lines. ∗p \< 0.05, ∗∗p \< 0.01.

The HDACi SAHA Sensitizes ERCC1-High NSCLC Cells to Cisplatin via Regulating miR-149 {#sec2.5}
------------------------------------------------------------------------------------

We next examined whether the HDACi SAHA re-sensitizes ERCC1-high NDCLC cells to cisplatin via miR-149 targeting of ERCC1. Western blotting analysis showed that treatment with SAHA significantly decreased the ERCC1 protein levels, whereas inhibition of miR-149 restored ERCC1 expression ([Figure 7](#fig7){ref-type="fig"}A). Using MTS assays, we found that transfection with anti-miR-149 attenuated the cytotoxic effects of SAHA in H1299 and A549/DDP cells ([Figure 7](#fig7){ref-type="fig"}B). Moreover, inhibition of miR-149 significantly reversed the promotion effect of SAHA on cisplatin-induced cell apoptosis ([Figure 7](#fig7){ref-type="fig"}C, D). Additionally, H1299 and A549/DDP cells transfected with anti-miR-149 showed a significant decrease in DNA damage and γ-H2AX expression induced by SAHA ([Figure 7](#fig7){ref-type="fig"}E; [Figure S4](#mmc1){ref-type="supplementary-material"}). Collectively, these data suggested that miR-149 plays an important role in HDACi-increased cisplatin sensitivity of ERCC1-high NSCLC cells.Figure 7The HDACi SAHA Sensitizes ERCC1-High NSCLC Cells to Cisplatin via Regulating miR-149(A) H1299 and A549/DDP cells were transfected with anti-NC or anti-miR-149 and then treated with 2 μM SAHA for 48 h; the expression of ERCC1 was measured by western blotting. (B) H1299 and A549/DDP cells were transfected with anti-NC or anti-miR-149 and then treated with 2 μM SAHA for 48 h; cell viability was measured by an MTS assay. (C and D) H1299 and A549/DDP cells were transfected with anti-NC or anti-miR-149 and then treated with 2 μM SAHA for 48 h; cells were stained with annexin V-FITC and propidium iodide, and the cell apoptosis was analyzed by flow cytometry (C); Portions of the apoptotic cells are presented (D). (E) H1299 cells were transfected with anti-NC or anti-miR-149 and then treated with 2 μM SAHA for 48 h; cells were fixed and labeled with anti-γ-H2AX antibodies. The γ-H2AX foci were analyzed by immunofluorescence microscopy. ∗∗p \< 0.01.

Discussion {#sec3}
==========

With different treatment for advanced NSCLC, the cisplatin-based therapy is still taken for the foundation of treatment for most patients with advanced NSCLC.[@bib2] However, development of drug resistance becomes an increasingly significant clinical problem.[@bib3] Several molecular mechanisms could induce resistance to cisplatin, such as altered DNA repair, acquired genetic mutation, and cytosolic inactivation of the drug.[@bib26]^,^[@bib27] Considering the prominent role in NER-mediated repair of cisplatin-caused DNA lesions, ERCC1 has been evaluated as a promising biomarker to predict the response of patients to platinum-based chemotherapy.[@bib7]^,^[@bib28] In accordance with these reports, our studies showed that high ERCC1 levels are associated with increased resistance to cisplatin, and drug discovery targeting ERCC1 could thus result in the development of cisplatin-enhancing combination therapy.

HDACis have been considered as a promising novel therapeutic approach in the light of their potent tumor-selective effects.[@bib11] However, the use of these inhibitors for treatment of NSCLC has thus far demonstrated limited success as a monotherapy. Recently, several studies focused on the anti-tumor effect of the combination with chemotherapeutic drug.[@bib14]^,^[@bib16] Since induction of DNA damage is the most critical mechanism of cisplatin action, and HDACis also alter gene expression of cancer cells with respect to the DNA damage response,[@bib29] the combination of cisplatin and HDACis exhibits synergistic antiproliferative effects in several cancer cells, including NSCLC cells.[@bib15] Importantly, HDACis have also been shown to overcome resistance to cisplatin.[@bib30]^,^[@bib31] Although we have incomplete understanding of the molecular mechanisms, the impact of oncogenes, and thus the key pathways through which HDACis overcome cisplatin resistance, ERCC1 might have a predictive role for the efficacy of combined HDACis and cisplatin treatment.[@bib32]^,^[@bib33] Accordingly, our studies proposed that HDACis significantly inhibited ERCC1 expression, which in turn increased cisplatin sensitivity in ERCC1-high NSCLC cells both *in vitro* and *in vivo*. These important results may potentially expand more clinical applications of HDACis and benefit patients with ERCC1-high NSCLC by increasing cisplatin sensitivity and reducing the required cisplatin dosage to minimize its side effects.

HDACis function as modifiers of histone and non-histone proteins via inhibiting deacetylation and then trigger the re-expression of certain genes, which play important roles in antitumor activity. Recent studies suggested that HDACis can also alter miRNA levels to inhibit cancer cell proliferation and induce cell apoptosis. miRNAs (non-coding RNAs of about 19--25 nt) target specific mRNAs to induce mRNA degradation or inhibit translation, thereby regulating a variety of cellular processes, such as proliferation, differentiation, apoptosis, invasion, and metastasis, as well as drug resistance. Nevertheless, the exact mechanisms by which HDACis overcome cisplatin resistance through miRNAs remain unknown. Using a miRNA profiler, we identified that miR-149 was the most upregulated miRNA induced by HDACis. In order to elucidate the mechanism behind it, we highlight the role of E2F1 in HDACi-induced miR-149 expression. E2F1, a positive regulator of cell cycle progression and also a potent inducer of apoptosis,[@bib34] was found to transcriptionally regulate miRNA expression.[@bib35]^,^[@bib36] It is known that E2F1-dependent transcription is regulated by associated histone modifications, which influence gene expression through changes of the chromatin context.[@bib37] E2F1 is a non-histone target of HDACs.[@bib38] Several studies have shown that HDACs modulated E2F1-mediated transcription by directly deacetylating E2F1 and suppressing its transcription activity.[@bib39]^,^[@bib40] Inhibition of HDACs causes accumulation of acetylated forms of E2F1, altering its function.[@bib24] In accordance with these findings, we found that treatment with HDACis induced acetylation of E2F1, which resulted in increased E2F1 binding to the miR-149 promoter and increased miR-149 promoter activity. Thus, the E2F1-miR-149 axis represents a novel mechanism by which HDACis overcome cisplatin resistance.

Recent studies have implicated the essential role of miR-149 in cancer progression.[@bib41] However, depending on the cancer type, miR-149 can behave either as a tumor suppressor or as an "onco-miR" that promotes tumor progression, suggesting that this miRNA has diverse functions.[@bib42]^,^[@bib43] miR-149 has been shown to target GSK3α, in turn resulting in increased expression of Mcl-1 and resistance to apoptosis in melanoma cells.[@bib44] In contrast, Chan et al.[@bib45] found that a low level of miR-149 was significantly associated with advanced stages of breast cancer, and miR-149 targeted GIT1 and small GTPases Rap1a and Rap1b to suppress breast cancer cell invasion and metastasis.[@bib45]^,^[@bib46] In NSCLC, miR-149 was reported to inhibit cell invasion and reverse the epithelial-to-mesenchymal transition (EMT) phenotype by inhibiting FOXM1.[@bib47] Moreover, studies have shown that miR-149 participated in regulating drug sensitivity and resistance.[@bib48] For example, miR-149 negatively regulated polymerase β (polβ) expression by binding to its 3′ UTR, thereby increasing sensitivity of esophageal cancer cells to cisplatin.[@bib49] He et al.[@bib50] reported that miR-149 was downregulated in doxorubicin (Adriamycin)-resistant human breast cancer cells and involved in chemoresistance by targeting GlcNAc (*N*-acetylglucosamine) *N*-deacetylase/*N*-sulfotransferase-1 (NDST1). These previous findings are similar to our observation that miR-149 increased cisplatin sensitivity in NSCLC cells. Furthermore, we found that miR-149 negatively regulated ERCC1 expression by directly binding to its 3′ UTR. Inhibition of miR-149 reversed the pro-apoptotic effect of HDACis and cisplatin sensitivity in ERCC1-high NSCLC cells. Therefore, the finding that miR-149 directly represses ERCC1 provides a rationale for the treatment of ERCC1-high NSCLC.

In summary, our results reveal a novel mechanism by which HDACis re-sensitize ERCC1-high NSCLC cells to cisplatin via regulation of E2F1-miR-149-ERCC1 axis, and we propose that the combination of HDACis and cisplatin might hold promise to be a more effective therapeutic paradigm for the treatment of ERCC1-high NSCLC.

Materials and Methods {#sec4}
=====================

Cell Lines and Cell Culture {#sec4.1}
---------------------------

A549 and cisplatin-resistant A549/DDP cells were obtained from the Cancer Institute & Hospital, Chinese Academy of Medical Sciences (Beijing, China). H460, H1299, H1975, H272, H1650, and HCC827 cells were purchased from the American Type Culture Collection (Manassas, VA, USA). The cell lines were subjected to short tandem repeat (STR) analysis. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (Gibco), 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells were maintained in a 5% CO~2~-humidified atmosphere at 37°C. To maintain drug resistance, cisplatin (at a final concentration of 1 μM) was added for the culture of A549/DDP cells.

Cell Viability Assay {#sec4.2}
--------------------

Cell viability was assessed by an MTS assay using the CellTiter 96 AQueous One solution cell proliferation assay (Promega, Madison, WI, USA), according to the manufacturer's protocol.

Cell Apoptosis Assay {#sec4.3}
--------------------

Cell apoptosis was determined by an annexin V and PI (propidium iodide) kit (KeyGEN, Nanjing, China) and analyzed using a FACSCanto II flow cytometer (BD Biosciences, USA) according to the manufacturers' instructions.

Western Blotting {#sec4.4}
----------------

Total protein was isolated from the cells using radioimmunoprecipitation assay (RIPA) buffer (Beyotime Biotechnology, China) that was supplemented with a protease inhibitor cocktail. Protein extracts were separated via 8%--12% SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were then blocked in 5% fat-free milk and incubated with primary antibodies overnight at 4°C. Following washing with Tris-buffered saline in Tween 20 (TBST), the membranes were incubated with secondary antibodies at room temperature. Signal was visualized via enhanced chemiluminescence (ECL) using an ECL kit (Thermo Fisher Scientific, USA). Antibodies against β-actin (catalog \#4970), ERCC1 (catalog \#12345), and E2F1 (catalog \#3742) were from Cell Signaling Technology (Beverly, MA, USA).

miRNA Profiling Using Multiplex qRT-PCR {#sec4.5}
---------------------------------------

Expression profiles of miRNA in H1299 cells treated with SAHA were analyzed by the human SeraMir 384 miRNA profiler (System Biosciences, Mountain View, CA, USA). miRNA extraction and cDNA synthesis were performed using a complete SeraMir exosome RNA amplification kit (System Biosciences). The kit contains 380 mature human miRNA qRT-PCR primers. qRT-PCR reactions were determined by the ABI 7900 HT Fast real-time PCR system (Applied Biosystems, Foster City, CA, USA).

Real-Time RT-PCR {#sec4.6}
----------------

Total cellular RNA was extracted using TRIzol reagent (Invitrogen, CA, USA). For miR-149 detection, qRT-PCR was carried out by using an all-in-one miRNA first-strand cDNA synthesis kit and miRNA qRT-PCR detection kit (GeneCopoeia, Rockville, MD, USA). For mRNA detection, expression of ERCC1 mRNA was determined by a first-strand cDNA synthesis kit and SYBR Green master mix according to the manufacturer's instructions (Applied Biosystems). A quantitative real-time PCR reaction was conducted using an ABI 7500 Fast real-time PCR system (Applied Biosystems, Foster City, CA, USA). Gene expression levels were calculated by the 2^−ΔΔCt^ method. Gene-specific primers used are as follows: miR-149, forward, 5′-CATCCTTTCTGGCTCCGTGT-3′, reverse, 5′-GCGTGATTCGTGCTCGTATATC-3′; U6, forward, 5′-CTCGCTTCGGCAGCACA-3′, reverse, 5′-ACGCTTCACGAATTTGCGT-3′; ERCC1, forward, 5′-CTGGAGCCCCGAGGAAGC-3′, reverse, 5′-CACTGGGGGTTTCCTTGG-3′; β-actin, forward, 5′-ACACTGTGCCCATCTACGAGG-3′, reverse, 5′-AGGGGCCGGACTCGTCATACT-3′.

ChIP Analysis {#sec4.7}
-------------

The chromatin IP (ChIP) analysis was carried out using a Millipore EZ-Magna ChIP kit (Millipore) following the manufacturer's protocol. Briefly, 5 × 10^6^ cells were collected and fixed with 1% formaldehyde. After quenching in 0.125 M glycine, cells were washed in PBS and resuspended in ChIP lysis buffer. Cells were then sonicated by Bioruptor sonication system UCD-300. The chromatin was immunoprecipitated by either anti-immunoglobulin G (IgG) or anti-E2F1 antibody. Precipitated DNA samples and inputs were subjected to PCR. The primers used to target the amplification of E2F1 binding site in miR-149 promoter are 5′-GAGCCCAGCGCGAGAC-3′ (sense) and 5′-CGAGGCAGGGCTTCCC-3′ (antisense).

Luciferase Assays {#sec4.8}
-----------------

The miR-149 promoter (−1000 to +1 regions) and E2F1 binding site-mutated miR-149 promoter were inserted into the pGL3-basic vector (Promega, Madison, WI, USA). All constructs were validated by sequencing. Cells were co-transfected with pGL3-miR-149 or mut-pGL3-miR-149 using Lipofectamine 3000 reagent. Cells were harvested at 48 h after transfection and then assayed by the Dual-Luciferase reporter assay system (Promega, Madison, WI, USA). The relative firefly luciferase activity was normalized to Renilla luciferase activity.

Animals {#sec4.9}
-------

All animal work was approved by the Animal Experimentation Ethics Committee of Guangzhou Medical University and conducted in accordance with protocols of the committee.

Immunodeficient mice (5--6 weeks old) were used in assays for tumor growth in a subcutaneous xenograft model. Suspensions of H1299 cells (2 × 10^6^) or A549/DDP cells (2 × 10^6^) were injected subcutaneously into the right flank of mice. When tumors reached a diameter of 4 mm in size, mice were randomly allocated into four groups: vehicle control (0.01% DMSO in PBS, n = 4), cisplatin (10 mg/kg/d, n = 4), SAHA (50 mg/kg/d, n = 4), and the cisplatin/SAHA combination (n = 4) via i.p. injection for 3 weeks. Tumor growth and body weights were measured every 3 days. Tumor volume (*V*) was calculated by the following formula: *V* = (½ × larger diameter) × (smaller diameter)2, and growth curves were plotted using mean tumor volume within each group at the set time points. Mice were sacrificed at the end of the study, and tumors were removed for immunohistochemical staining or western blotting analysis.

Immunofluorescence {#sec4.10}
------------------

Cells were grown on 20-mm coverglass-bottom dishes, washed with PBS, fixed with 4% paraformaldehyde, and permeabilized in 0.1% Triton X-100. After blocking with 10% normal goat serum, cells were incubated with phosphorylated (phospho-)histone H2AX (Ser139) primary antibody (\#9718, Cell Signaling Technology, USA) at a dilution of 1:200 overnight at 4°C. The cells were incubated with Alexa Fluor 594-conjugated anti-rabbit IgG (1:1,000 dilution) for 1 h in the dark at room temperature, and then nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min. The images were captured using a Zeiss LSM710 confocal microscope (Zeiss, Germany).

Immunohistochemistry and Scoring System {#sec4.11}
---------------------------------------

This study was approved by the Medical Ethics Committee of the Affiliated Tumor Hospital of Guangzhou Medical University and performed in accordance with the Declaration of Helsinki. Primary tumor specimens from 39 patients diagnosed with NSCLC who had undergone complete resection were obtained in the Affiliated Tumor Hospital of Guangzhou Medical University between 2008 and 2013. Twenty-one patients with NSCLC for whom cisplatin-based chemotherapy was effective following surgery (patients who were cisplatin-sensitive), and 18 patients with NSCLC for whom cisplatin-based chemotherapy was ineffective following surgery (patients who were cisplatin-resistant) were included in the study.

The immunohistochemistry staining of ERCC1 was accomplished using the streptavidin-peroxidase complex method (UltraSensitive, Maixin, Fuzhou, China). The sections were deparaffinized in xylene and rehydrated with graded alcohol. 3% H~2~O~2~/methanol was applied to block endogenous peroxide activity for 10 min. Next, sections were boiled in 0.01 M citrate buffer (pH 6.0) for 2 min with an antigen retrieval. After incubating with 10% normal goat serum to reduce non-specific antibody binding, tissue sections were incubated with primary antibody (1:100 dilution) in a moist chamber overnight at 4°C. The sections were then sequentially incubated with biotinylated goat anti-mouse serum IgG and streptavidin-biotin conjugated with horseradish peroxidase. Finally, the color reaction was developed by 3,3′-diaminobenzidine tetrahydrochloride (DAB).

The intensity of ERCC1 staining was graded as follows: 0, no signal; 1, weak; 2, moderate; and 3, marked. Tumor cell percentage scores were assigned as follows: 1, 1%--25%; 2, 26%--50%; 3, 51%--75%; and 4, 76%--100%. A final score of 0--12 was calculated by the staining intensity multiplied by tumor cell percentage score. The tumors were finally determined as follows: negative (−), score 0; lower expression (+), score ≤4; moderate expression (++), score 5--8; and high expression (+++), score ≥9. An optimal cutoff value was identified: a staining index score of ≥5 was used to indicate tumors of high ERCC1 expression, and ≤4 for low expression.

Bioinformatics Analysis {#sec4.12}
-----------------------

The prognostic value of the ERCC1 was analyzed by a web-based Kaplan-Meier plotter (<http://www.kmplot.com/lung>), which is a meta-analysis tool of gene expression and survival data of 2,437 lung cancer patients (2015 version) using multiple microarray data.[@bib51]^,^[@bib52]

Statistical Analysis {#sec4.13}
--------------------

Data were analyzed with SPSS v21.0 software (IBM, Armonk, NY, USA) and GraphPad Prism 6 software (GraphPad, San Diego, CA, USA). Relative gene expression levels were analyzed by Student's t test. Results represent mean ± SD of three independent experiments, with p \< 0.05 considered statistically significant. Agilent human miRNA array images generated by the Agilent scanner and Feature Extraction software (Agilent Technologies, v10.7.1.1) were used to acquire raw data, which were analyzed by GeneSpring GX software (Agilent Technologies, v13.1). For these experiments, ANOVA or t tests were used to evaluate differences between groups. The p values were two-sided, with p \< 0.05 considered statistically significant.
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